) to directly test the hypothesis that Merkel cell/neurite complexes are necessary to perform these types of sensory discrimination tasks. We found that mice devoid of Merkel cells could not detect textured surfaces with their feet while other measures of motor and sensory function were unaffected. Interestingly, these mice retained the ability to discriminate both texture and shape using their whiskers, suggesting that other somatosensory afferents can functionally substitute for Merkel cell/neurite complexes in this sensory organ. These findings suggest that Merkel cell/neurite complexes are essential for texture discrimination tasks involving glabrous skin but not whiskers.
Introduction
The skin is innervated by an astonishing number of sensory afferent nerve fibers [Ͼ600 nerve fibers/mm 2 in the human hand (Kelly et al., 2005) ] that mediate all types of cutaneous sensations, including pain, temperature sense, and touch. The largest of these are the low-threshold mechanoreceptive A␤-fibers involved in the sense of touch. Neurophysiological and psychophysical testing support assignment of differential functions to each A␤-fiber subclass. Based on responses to various cutaneous stimuli measured electrophysiologically in nerves that innervate the skin, Meissner corpuscles are hypothesized to be important for grip control, Pacinian corpuscles for representing tools as extensions of a limb, and Ruffini corpuscles for monitoring hand position and form (Johnson et al., 2000) . Similarly, Merkel cell/neurite complexes, which respond to skin indentation (Iggo and Muir, 1969) at very high spatial resolution, are suggested to play a role in detection of curvature, edges, and shape. Importantly, all of these functional assignments are speculative to the extent that specific deletion of a subclass of cutaneous mechanoreceptors has not been possible.
Structurally, Merkel cell/neurite complexes are composed of slowly adapting type I (SAI) A␤-nerve fibers and Merkel cells, a distinct cell population found primarily at the epidermal/dermal border (Merkel, 1875) . In mammals, these sensors are located in whisker follicles, the hard palate, specialized epithelial structures of the hairy skin called touch domes, and glabrous (hairless) skin surfaces such as the hand and foot (Halata et al., 2003) . Genetic deletion of Merkel cells causes loss of SAI A␤-fiber responses to mechanical stimulation of the skin, demonstrating that these cells are necessary for receptor function ).
An unresolved question in sensory biology is to what extent each afferent system contributes to the formation of somatosensory percepts such as roughness and shape. Correlative data from psychophysical experiments support the view that complex combinations of inputs are likely to be involved in forming somatosensory percepts. However, this question has been difficult to address experimentally because real-life stimuli often activate multiple receptor classes simultaneously. This is further complicated by the fact that cutaneous sensory end-organs can contain myelinated and unmyelinated afferents, suggesting that they may function as multimodal sensory receptors (Paré et al., 2001 ). In addition, how activation of non-A␤ afferents such as C-fiber tactile afferents contributes to somatosensory percepts is unknown (Liu et al., 2007) . Most importantly, how the loss of a single afferent population affects the ability to form tactile percepts and discriminate between them is unknown.
To address this question, we performed multiple behavioral tests that target the somatosensory system on mice lacking Merkel cells. Our data suggest that Merkel cells play a critical role in texture discrimination in the paws but not the whiskers.
Materials and Methods

Mice
Mice were maintained on a mixed genetic background in the Animal Resource Center at Case Western Reserve University in compliance with Institutional Animal Care and Use Committee guidelines. Atoh1 condi-tional knock-out (Atoh1 CKO ) mice were generated by crossing Krt14 Cre ; Atoh1
LacZ (Ben-Arie et al., 1997; Dassule et al., 2000; Morrison et al., 2009) (Shroyer et al., 2007) LacZ/flox ) are collectively referred to as "control" because they displayed no abnormal phenotypes and were indistinguishable based on the testing reported here.
Behavioral testing
Mice of both sexes aged 12-35 weeks were tested unless otherwise stated; Krt14; Atoh1
CKO and control littermates were tested at the same age on any given task. Time of day for each test was constant across trials.
Motor coordination and balance
Rotarod test. Mice performed 16 trials (4 trials/d on 4 consecutive days) on a rotarod apparatus (Rotamex; Columbus Instruments) with a minimum rest interval of 20 min between trials. Trials lasted for a maximum of 5 min; the rod accelerated linearly from 4 to 40 rpm for the first 2.5 min and then stayed at 40 rpm for 2.5 min. Trials were terminated when an animal fell from the rod or rotated twice.
Dowel and wire hang tests. The dowel test involved placing mice in the center of a 7 mm diameter dowel suspended above a platform. Trials lasted for 2 min or until a fall, and the number of times that the mouse walked to one of the suspension posts (side touches) was recorded. The wire hang test was conducted identically except that a suspended wire was used.
Texture discrimination in the paw
This test was modified from a published mouse texture discrimination task (Wetzel et al., 2007) . Test sessions were conducted in the dark under infrared illumination to remove visual cues and recorded with an infrared video camera. Half of the floor of a small Plexiglas box (length, 30 cm; width, 15 cm; height, 10 cm) was covered with rough sandpaper (60 grit, coarse) and the other half with the smooth side of the same sandpaper; this ensured that odorant cues from the paper were identical throughout the box. Both pieces of sandpaper were changed and the box was cleaned with a diluted alcohol solution between animals. Mice were allowed to explore the arena for 30 min, and the duration of time spent in each half of the arena was quantified by a computer-operated animal activity system (Ethovision XY; Noldus).
Whisker tactile function
Whisker brush test. This is a qualitative test of whisker sensation. Individual mice were placed in custom-made wire cages (12 ϫ 8 cm) for 4 h before testing. A plastic probe was then brushed caudal to rostral (3 trials/side) across the tips of the whiskers on one side of the snout to avoid visual cues; if the approach was sensed before contact, the mouse was allowed to settle and the test was restarted. Positive responses included turning to the side of stimulation, swatting at the probe with the forepaws, and grabbing the probe and biting it.
Modified gap test. The modified gap test was used to assess the ability of mice to detect differences in textures using only their whiskers (Carvell and Simons, 1990; Cybulska-Klosowicz and Kossut, 2001; von Heimendahl et al., 2007) . Dietary intake was restricted to 2-3.5 g/d, and body weight maintained at 85-90% of the free-feeding weight. All animals were allowed access to water ad libitum. Individual mice were placed on a platform (10 cm 2 Plexiglas) and given the choice of crossing to one of two test platforms (10 cm 2 Plexiglas) equidistant (5 cm) from the home platform. Each test platform had a 10 ϫ 1 cm removable surface on the side closest to the home platform that was textured (60-grit sand paper) or smooth (backside of the sand paper). A food reward (banana and sweet milk) was placed behind a wall on each of the test platforms to insure that odorant cues were identical; access to the reward was granted only to mice that chose the platform with the textured surface. Mice underwent 10 trials/d; each trial lasted 2 min or until a choice was made. Mice that made the incorrect choice were left on the platform for 1 min before placement in the home cage (negative punishment), while those making the correct choice were permitted to eat the food reward for 5 s before being removed from the platform (positive reinforcement). Mice were considered to reach criterion when they chose correctly at least 80% of the time for 3 consecutive days.
Cookie test. This test measured a mouse's ability to use its whiskers to discriminate between cookies of different shapes and was adapted from a similar test used for rats (Brecht et al., 1997) . Flat, 1-mm-thick cookies were made from sugar, butter, flour (1:2:6) and water. Target cookies were right triangles (6 mm side length); nontarget cookies were squares (6 mm side length). Single mice were placed on a 10 cm 2 platform with a 3 cm 2 side platform upon which the cookies were placed. Mice were familiarized with the cookies in their home cage for several days before testing. For training, mice were presented with single target cookies on the platform in the light, followed by one target and one nontarget cookie. Mice were only allowed to explore the cookies with their whiskers; grabbing a cookie with the paws was considered a choice. Correct choices were positively reinforced with a small milk reward followed by removal from the platform, while incorrect choices were positively punished by tail pinch. After the mice reliably recognized and ate the target cookies (typically 2-3 d), first two (1 target and 1 nontarget) and then three (1 target and 2 nontarget) cookies were placed in a line on the platform under infrared illumination and each session was videotaped. Ten trials were conducted per day and scored offline. Mice were considered to reach criterion when they chose correctly at least 70% of the time for 3 consecutive days.
Immunostaining
Foot pads and shaved, depilated whisker pads were dissected from adult mice, fixed in ice-cold 4% paraformaldehyde, equilibrated in sucrose, embedded, and cryosectioned (25 m). Tissue was stained with rat antikeratin 8 (TROMA1, 1:20 dilution; Developmental Studies Hybridoma Bank), secondary antibodies (1:500 dilution; Jackson ImmunoResearch), and DAPI.
Cell counts
Whole feet were fixed as above and serially cryosectioned (200 m), then immunostained with TROMA1 and DAPI. All Merkel cells in the glabrous foot surfaces were counted.
Statistical analysis
Two-way ANOVA and/or t tests were used, depending on the experimental paradigm. Unless otherwise noted, data were pooled within genotype with male and female mice treated equivalently. All data are reported as mean Ϯ SEM.
Results
Krt14; Atoh1
CKO mice completely lack Merkel cells in the whiskers, body skin, and feet ( Fig. 1) (Morrison et al., 2009) . To determine the impact of this loss on animal behavior, we tested several measures of sensory function in adult Krt14; Atoh1 CKO and control mice.
Tactile sensation in the feet
Several tests of motor function in rodents require intact tactile sensation. On dowel and wire hang testing, no differences were seen between Krt14; Atoh1 CKO (n ϭ 12) and control (n ϭ 24) mice on time to fall (120 Ϯ 0 vs 119 Ϯ 1 s, p ϭ 0.33, and 100 Ϯ 11 vs 96 Ϯ 8 s, p ϭ 0.77, respectively; t test) or number of side touches (2.08 Ϯ 0.59 vs 2.21 Ϯ 0.31, p ϭ 0.84 and 2.67 Ϯ 0.38 vs 2.83 Ϯ 0.38, p ϭ 0.78, respectively; t test). We therefore moved to the more challenging rotarod test. No differences were seen between Krt14; Atoh1 CKO and control mice in time to fall on any day (day 1: 83 Ϯ 13 vs 70 Ϯ 5 s, p ϭ 0.26, t test; day 2: 104 Ϯ 12 vs 94 Ϯ 6 s, p ϭ 0.40; day 3: 128 Ϯ 16 vs 109 Ϯ 8 s, p ϭ 0.24; day 4: 138 Ϯ 17 vs 121 Ϯ 9 s, p ϭ 0.33) and mice of both genotypes improved with training (ANOVA: p ϭ 0.046 for Krt14; Atoh1 CKO mice and p ϭ 6.07 ϫ 10 Ϫ6 for control mice). These data demonstrate that Krt14; Atoh1 CKO mice learn and perform normally on motor tasks that presumably require intact tactile sensation in the feet, suggesting that Merkel cells are not required for these tasks.
To further test specific proposed functions of Merkel cells, we modified and implemented a simple texture discrimination task (Wetzel et al., 2007 ) that measured preference for a rough versus smooth floor surface. We validated the test on two separate cohorts of male and female wild-type C57BL/6J mice; male mice had no preference, while female mice had a strong preference for the rough surface (Table 1 ). Therefore, we tested only female Krt14; Atoh1 CKO and control mice. As shown in Table 1 , female Krt14; Atoh1 CKO mice showed no preference for the rough surface. These data suggest that they have lost the ability to detect texture differences, and thus lost the wild-type female mouse preference for rough over smooth surfaces.
We reasoned that wild-type female mice might be more sensitive to textures because of increased numbers or density of Merkel cells in the glabrous surfaces of their paws. Keratin 8 immunostaining on tissue sections from the left hindpaw of C57BL/6J mice used for sensory testing demonstrated no differences in the total numbers of Merkel cells in the glabrous foot surfaces (547 Ϯ 32 vs 584 Ϯ 66, p ϭ 0.62, t test) of female (n ϭ 5) and male (n ϭ 5) mice, respectively. Furthermore, plantar surface areas of female (0.459 Ϯ 0.020 cm 2 ) versus male (0.460 Ϯ 0.017 cm 2 ) mice were equivalent ( p ϭ 0.83, t test). Therefore differences in Merkel cell number or density cannot explain the observed gender-related texture preferences.
Finally, we hypothesized that reproductive cycle stage might affect female texture preference. When the second cohort of C57BL/6J female mice was tested, two were in diestrus, five were in estrus, two were in proestrus and one was in metestrus. Thus, differences in the menstrual cycle do not explain the texture preference of female mice.
Tactile sensation in the whiskers
The whiskers are the most sensitive and specialized tactile organs in rodents, who use them to determine spatial position and physical characteristics of nearby objects (Diamond et al., 2008) . Rodent whisker follicles contain large numbers of Merkel cells and Merkel cell/neurite complexes, which are located at the midshaft and opening of each follicle (Fig. 1 A, AЈ) Cronk et al., 2002) . We therefore reasoned that whisker function might be profoundly affected by loss of Merkel cells.
We used the whisker brush test as a general measure of whisker function. Both Krt14; Atoh1 CKO (n ϭ 11) and control (n ϭ 24) mice demonstrated immediate reactions to whisker contact, and no qualitative differences in their responses were detected.
We next used the modified gap test to determine the ability of Krt14; Atoh1 CKO mice to discriminate between rough and smooth textures using only their whiskers. Based on our open field testing, we examined a small cohort of female Krt14; Atoh1 CKO (n ϭ 3) and control (n ϭ 8) mice on this task. All mice used a similar strategy consisting of leaning over the edge of the home platform, extending the body, and contacting the target platform with the whiskers. Mice often did this several times before crossing, and they never attempted to cross unless they could first contact the target platform. No differences in whisking strategy were observed between Krt14; Atoh1 CKO and control mice. All of the Krt14; Atoh1 CKO mice (100%) and three of the eight control mice (37.5%) reliably (Ͼ80% of the time on 3 consecutive days) chose the correct platform after several days (16 Ϯ 4 vs 19 Ϯ 3.5, p ϭ 0.43, respectively; t test) of training; we therefore did not expand the number of mice tested. Thus, Krt14; Atoh1 CKO mice were able to learn this task at the same speed and with the same accuracy as control mice, suggesting that texture discrimination using their whiskers was not compromised.
Finally, we tested the ability of a small cohort of Krt14; Atoh1 CKO (n ϭ 5) and control (n ϭ 5) mice to distinguish shapes using their whiskers (see Materials and Methods, above). Three of five (60%) Krt14; Atoh1 CKO and three of five (60%) control mice met criteria in a similar average number of days (24.3 Ϯ 5.2 vs 19.3 Ϯ 2.3, p ϭ 0.43, t test); again, we did not test more animals because the Krt14; Atoh1 CKO mice were able to perform the task. These data suggest that loss of Merkel cells does not overtly impair mice from distinguishing shapes using their whiskers.
Discussion
Our data provide the first direct evidence that Merkel cells, and presumably the SAI afferents that innervate them, are required for certain texture discrimination tasks. Interestingly, this requirement is not universal, as mice lacking Merkel cells cannot distinguish between markedly different textures using their feet but can distinguish textures using their whiskers. One possibility is that Merkel cell loss in the paw abolishes preference for but might not affect detection of rough versus smooth textures per se. Further experiments using special training paradigms are needed to test this possibility. Another explanation is that mechanosensitive functions of SAI afferents in the whiskers do not require Merkel cells, representing a departure from the situation in the body skin where Merkel cells are required for SAI responses ). This explanation seems unlikely as it invokes different mechanoreceptor mechanisms for the same apparatus in different parts of the body. Instead, we hypothesize that the difference between the foot pads and whiskers of Krt14; Atoh1 CKO mice in our texture discrimination assays results from the number of mechanoreceptor subtypes found in these two locations. Only two low-threshold mechanoreceptors (Merkel cell/neurite complexes and Meissner corpuscles) are present in mouse foot pads; thus, loss of one system could profoundly affect cutaneous mechanosensation. In contrast, multiple A␤, A␦, and C-fiber mechanoreceptors heavily innervate the whiskers , so overlapping function of some or all of these mechanosensitive systems could substitute for Merkel cell/neurite complex function in the whiskers of Krt14; Atoh1 CKO mice. This hypothesis is supported by psychophysical studies in humans demonstrating that while stimulation of individual afferent subclasses evokes different primary sensations (Ochoa and Torebjörk, 1983) , typical cutaneous stimuli rarely activate only one type of mechanoreceptor. Instead, routine handling of objects simultaneously excites multiple afferent classes (Jenmalm et al., 2003) , and this sensory information subsequently converges onto many of the same neurons of the primary somatosensory cortex (Pei et al., 2009) . A directly relevant observation is that textures can be detected by humans either by direct contact of the skin with a surface (presumably mediated by Merkel cell/neurite complexes) or through a rigid probe held in the hand and dragged along that surface (presumably mediated by Meissner and/or Pacinian corpuscles) (Yoshioka et al., 2007) . These data suggest that information from different afferents can be interpreted similarly by higher order centers. Another possibility for our study is that our genetic approach, which prevented production of Merkel cells altogether, provided an opportunity for adjacent somatosensory systems in the whiskers to anatomically and/or functionally substitute for disrupted Merkel cell/neurite complexes during development. The effects of early ablation versus deletion of Merkel cells in adulthood are an area of research we are actively exploring.
Behavioral evaluation of tactile responsiveness beyond mechanical nociception in freely behaving rodents has been limited and focused primarily on the whiskers (Carvell and Simons, 1990; Brecht et al., 1997; Cybulska-Klosowicz and Kossut, 2001; von Heimendahl et al., 2007) . However, preference of wild-type mice for textured over nontextured surfaces has been reported previously (Wetzel et al., 2007) . In that study, deletion of stomatin-like protein 3 (SLP3), a mammalian mec-2 homolog implicated in mechanotransduction, abolished electrophysiological responses to mechanical stimuli in 35% of cutaneous mechanoreceptors including A␤ and A␦ afferents. Paw-mediated discrimination between textured and nontextured surfaces was also impaired in SLP3 Ϫ/ Ϫ mice (Wetzel et al., 2007) . Our data are consistent with these findings and suggest the interpretation that SLP3 Ϫ/ Ϫ mice exhibit impaired texture discrimination secondary to compromised Merkel cell/neurite complex function. Interestingly, SLP3 Ϫ/ Ϫ mice, like Krt14; Atoh1 CKO mice, also had normal performance on rotarod testing despite their more profound deficit in cutaneous mechanoreceptor responsiveness. This, coupled with normal performance of Krt14; Atoh1 CKO mice on dowel and wire hang testing, suggests that most motor testing is insensitive to manipulations of the cutaneous sensory system. Further studies will be necessary to determine whether mice with other cutaneous mechanoreceptor deficits show impairments on these tests.
Another interesting finding of our study is that wild-type mice exhibit sexually dimorphic texture preferences, with females preferring rough-textured surfaces and males having no preference between rough and smooth surfaces. Female-male differences have been observed in behavioral tests of motor activity (Frantz and Van Hartesveldt, 1999; Palanza et al., 2001; Schindler et al., 2002) , fear and anxiety (Imhof et al., 1993) , pain tolerance (Kepler et al., 1991; Aloisi et al., 1994; Terner et al., 2003) , and measures of learning (Mishima et al., 1986) . To our knowledge, our study is the first to report this finding for texture preference. We also show that this effect is not mediated by Merkel cell number or density in the paw, suggesting that higher-order centers within the nervous system mediate the preference. We hypothesize that female preference for rough surfaces might stem from sex differences in different brain regions or from differences in sex hormone levels between females and males (Ngun et al., 2011) . How a proclivity for textured surfaces might benefit female mice is unclear. Further studies are needed to determine when during postnatal development this preference first arises and whether it is innate or learned.
